Nilsson GE, Vaage J, Stensløkken K. Oxygen-and temperaturedependent expression of survival protein kinases in crucian carp (Carassius carassius) heart and brain. Am J Physiol Regul Integr Comp Physiol 308: R50 -R61, 2015. First published November 5, 2014 doi:10.1152/ajpregu.00094.2014.-Living without oxygen is limited to very few vertebrates, one species being the fresh water fish crucian carp (Carassius carassius), which can survive months of anoxia at low temperatures. Mammalian heart and brain are particularly intolerant to oxygen deprivation, yet these organs can be conditioned to display increased resistance, possibly due to activation of several protein kinases. We hypothesized increased phosphorylation status of these kinases in hypoxic and anoxic crucian carp heart and brain. Moreover, we wanted to investigate whether the kinases showing the strongest phosphorylation during hypoxia/anoxia, ERK 1/2, p38-MAPK, JNK, PKCε, and PKC␦, also had increased expression and phosphorylation at cold temperatures, to better cope with the anoxic periods during winter. We found small differences in the phosphorylation status of ERK 1/2, p38-MAPK, JNK, PKCε, and PKC␦ during 10 days of severe hypoxia in both heart and brain (0.3 mg O2/l) and varying responses to reoxygenation. In contrast, 7 days of anoxia (Ͻ0.01 mg O2/l) markedly increased phosphorylation of ERK 1/2, p38-MAPK, JNK in the heart, and p38-MAPK and PKCε in the brain. Similarly, varying acclimation temperature between 4, 10 and 20°C induced large changes in phosphorylation status. Total protein expression in heart and brain neither changed during different oxygen regimes nor with different acclimation temperatures, except for ERK 1/2, which slightly decreased in the heart at 4°C compared with 20°C. A phylogenetic analysis confirmed that these protein kinases are evolutionarily conserved across a wide range of vertebrate species. Our findings indicate important roles of several protein kinases during oxygen deprivation.
THE CRUCIAN CARP (CARASSIUS CARASSIUS) has evolved the ability to tolerate zero oxygen (anoxia) for several months at low temperatures (55) . During anoxia the major challenge is to match ATP demand with ATP supply, which becomes limited when oxidative phosphorylation stops. The crucian carp is able to produce ATP at sufficient rates utilizing anaerobic glycolysis fueled by exceptionally large glycogen stores, particularly in the liver. Accumulation of lactate is avoided by producing ethanol, which is excreted over the gills (42, 54) . Interestingly, the crucian carp maintains a normoxic cardiac output even after 5 days of anoxia (69) , which is possibly needed to transport metabolites and avoid ethanol intoxication (19) . A similar anoxia tolerance is also reported for some freshwater turtles (genera Trachemys, Chrysemys) (55) . However, to limit lactic acidosis, these turtles are forced to drastically decrease their metabolic rate and many systems shut down (4, 9, 32, 42, 72) .
In mammalian tissue, oxygen deprivation causes cellular damage within minutes and if oxygen is restored, a second deadly challenge is presented by, among others, reactive oxygen species (ROS) produced during reoxygenation (77) . Although mammalian tolerance to ischemia is limited, it has been found to be improved by several forms of conditioning (36) . Protecting the heart by ischemic preconditioning was initially discovered by Murry et al. (52) , who showed that short, repeated stops in blood flow decrease infarct size and improves cardiac function against a large ischemic insult. Recent work shows protection is also conferred after ischemia, called postconditioning (80) . Moreover, hypoxic conditioning of one organ may improve the outcome of an ischemic insult to another organ, including the heart [remote conditioning (62) ].
It appears that many signaling pathways are common for preconditioning and postconditioning (28, 30) . The signaling pathways involved in mammalian myocardial protection by hypoxic conditioning include a big family of mitogen-activated protein kinases (MAPK) that are part of a cytoplasmic signaling cascade system. Three basic modules (MAPK kinase kinase and MAPK kinase) are found in organisms from yeast to humans (76) . The classic MAPK pathway comprises three major branches named after their terminal effector kinases; the extracellular signal regulated protein kinase (ERK), the c-JUN NH 2 terminal kinases (JNK), and p38-MAPK (3), the two latter are described as stress-activated protein kinases (SAPK1 and SAPK2, respectively) (14) . Another important protein kinase in heart conditioning is protein kinase B (AKT), a mediator of cell survival, proliferation, and growth (1) . AKT, together with ERK 1/2, is included within the reperfusion injury salvage kinase pathway (RISK), because blocking these kinases abrogates preconditioning (29) . Other kinases in myocardial protection include two isoforms of the PKC family (PKCε and PKC␦). In the heart, the two PKCs have been found to play opposing roles in cardiac conditioning; PKC␦ induces cell death, while PKCε provides protection in response to an ischemic insult (13) . During energy deficiency, as seen in ischemia, the ATP/ADP ratio is reduced, and one of the first kinases to be activated is the adenosine monophosphate-activated kinase (AMPK). It has been termed the ultimate energy sensor and is present in almost all eukaryotes (27, 59) .
MAPKs have received increased attention in nonmammalian systems due to the stress tolerance found in some species (15) . These kinases appear to play a role in anoxia and freezetolerant mollusks, including p38-MAPK, which promotes anoxia tolerance in littorina snails (Littorina littorea) (41) . ERK is also activated in the same species in response to anoxia (43) . MAPKs have been cloned and expression pattern has been determined in zebrafish (Danio rerio) (37) , but very little information exists on MAPK and other protein kinases in fish during oxygen deprivation (81) . In anoxia-tolerant cold-acclimated turtles, ERK, JNK, and p38-MAPK seem not to be activated early in anoxia (within 20 h at 7°C) (24) , while warm-acclimated turtles (room temperature) display increased phosphorylation during anoxia (50) .
We hypothesize that activation of these kinases during oxygen deprivation would be particularly prominent in species with extreme anoxia tolerance such as the crucian carp. So far, only one study, involving two kinases, has been conducted in this species, revealing a massive increase in AMPK phosphorylation and a modest decrease in AKT phosphorylation during anoxia in the crucian carp, indicating opposing roles for these kinases (71) . In the present study, we have investigated the total protein levels and phosphorylation status of ERK, JNK, p38-MAPK, PKCε, and PKC␦ during severe hypoxia (a condition that is stressful for other fishes) and anoxia for 7 days (not tolerated by other fishes) and compared them to a normoxic control groups and a reoxygenation group. In nature, crucian carp will experience anoxia during the winter season when its habitat becomes ice covered, and recent evidence suggests that falling temperature acts as a preparation for anoxia tolerance (70) . Therefore, we wanted to investigate whether the total protein levels and phosphorylation status of several kinases differ with acclimation temperature (4, 10 and 20°C). To evaluate whether the investigated protein kinases are conserved, we performed phylogenetic analysis and made comparison between mammalian and nonmammalian vertebrates.
MATERIALS AND METHODS

Experimental Animals
Crucian carp were caught in Tjernsrud pond, Oslo community, Norway, in June. They were kept in 750-liter in door tanks continuously supplied with dechlorinated, aerated Oslo tap water. Temperature varied seasonally in the tap water, and the photoperiod was held constant at 12-h darkness/12-h daylight. Fish were fed commercial carp food on a daily basis. All experiments were approved and performed in accordance with the Norwegian Animal Health Authority.
Experimental Protocol
Hypoxic and anoxic conditions were achieved by placing fish in a flow-through (ϳ50 ml/min) circular 25-liter dark tank sealed with an air-tight lid (to simulate wintertime anoxia). Fish were allowed at least 24 h to habituate to the tank prior to exposure of either hypoxia or anoxia and were not fed during this condition. The desired oxygen concentration was obtained by bubbling the incoming water with air or nitrogen in a 1,500-mm Plexiglas column. Oxygen concentrations and temperatures were continuously monitored using a galvanometric oxygen electrode, Oxi 323 (WTW, Weilheim, Germany), connected to a PowerLab (AD Instruments, Castle Hill, NSW, Australia) running the program Chart 5.0 (AD Instruments). After exposure, fish were killed by stunning with a sharp blow to the head, the spinal cord and dorsal aorta were severed, and brain and heart tissue were sampled and quickly frozen in liquid nitrogen. Three exposure series included the following groups: Series 1, Hypoxia, 9 Ϯ 1°C, consisted of crucian carp weighing 33 Ϯ 12 g (means Ϯ SD), which were randomized as follows: Group 1.1: normoxic controls (Normoxia; n ϭ 7); Group 1.2: 10 days of hypoxia (0.3 mg O 2/l ) (Hypoxia; n ϭ 7); and Group 1.3: 10 days of hypoxia followed by 10 days of reoxygenation (Reox.; n ϭ 6). Series 2, Anoxia, 8 Ϯ 1°C, consisted of crucian carp weighing 40 Ϯ 15 g, which were randomized as follows: Group 2.1: normoxic controls (Normoxia; n ϭ 7); Group 2.2: 7 days of anoxia (Ͻ0.01 mg O 2/l) (Anoxia; n ϭ 7); and Group 2.3: 7 days anoxia followed by 7 days of reoxygenation (Reox.; n ϭ 7). For Series 3, Temperature acclimation, the fish were transferred to three different 750-liter holding tanks and were acclimated to 4, 10, and 20°C for 2 mo (n ϭ 5 in each temperature) with the same holding conditions as mentioned above.
Western Blot Analysis
Frozen heart and brain samples were transferred to an ice-cold lysis buffer containing 210 mM sucrose, 40 mM NaCl, 30 mM HEPES, 5 mM EDTA, 100 M sodium orthovanadate, 1% Tween-20. In addition, one tablet Complete EDTA-free protease inhibitor (Roche) and 250 l phosphatase inhibitor cocktail 1 were added to 50 ml of extraction buffer (20 mg tissue/ml extraction buffer). The tissue was homogenized using a Polytron PT 1200 homogenizer. Lysates were subsequently centrifuged at 12,000 g and 4°C for 10 min to remove insoluble material. One percent SDS was added to the supernatant, which was vortexed for 15 min at room temperature. These samples were then frozen in liquid nitrogen and stored for later analysis. Protein content was determined by Micro BCA protein assay kit (Pierce, Rockford, IL). Samples (20 g protein/lane) were subjected to 10% SDS-PAGE, and the fractionated products were electrophoretically transferred onto a Hybond-P membrane (Amersham Biosciences Europe, Freiburg, Germany). The membrane was incubated for 1 h with 5% skimmed milk in TBS (20 mM Trizma-base and 140 mM NaCl) containing 0.1% Tween 20 (TBST) to block nonspecific reactions. The membrane was then incubated overnight with primary antibodies against the phosphorylated proteins and total proteins. After washing with TBST, the membrane was incubated for 1 h with secondary antibody (Goat anti-rabbit, 1:2,500; Southern Biotech, Birmingham, AL) conjugated to horseradish peroxidase. The immunoreactions were visualized by chemiluminescence (ECLϩ, Amersham Biosciences Europe, Freiburg, Germany), and pictures were taken with ImageReader LAS-1000 (Fujifilm, Düsseldorf, Germany). The optical density of each band was measured using ImageQuant (Amersham Biosciences Europe, Freiburg, Germany). Finally, the membranes were stained with Coomassie blue (Bio-Rad Laboratories, Hercules, CA) and scanned (CanonScan Lide 35). Equal loading was investigated using ImageQuant on the scanned membranes, identifying protein bands in the area of the target protein. Membranes with uneven blotting were excluded from the analysis.
Each gel was loaded with proteins from 6 or 7 hearts or brains from either normoxic, hypoxic, anoxic, or reoxygenation protocols, and this was done twice for each comparison to allow immunoblotting with both total protein and phosphospecific antibodies. In the temperature comparison, all three groups were loaded on each gel. The sample buffer was prepared for both gels to avoid errors during sample preparation. The arbitrary unit from the densitometry was then calculated as a ratio between the phosphorylated and nonphosphorylated form of each protein kinase for each sample. For the hypoxia and anoxia series, this ratio was normalized to the mean level of the control group (N), which was set to zero. The temperature groups were normalized to the mean of the expression ratio at 20°C.
Statistics
Data for all kinases were tested for variances with Bartlett's test for equal variances and normal distribution with Kolmogorov-Smirnov test. If the data passed these tests, a one-way ANOVA with a Bonferroni correction was used. If data failed either of the tests, a Kruskal-Wallis test with a Dunnett's post hoc test was used (as indicated in the figure captions). Data in the figures are shown as box plots (box, first and third quartile with median value, whiskers minimum to maximum). In the text, the values are given as means Ϯ SD.
Phylogenetic Analysis
As we have used mammalian antibodies in a nonmodel organism, we have investigated the homology and phylogeny of all the kinases studied, using publicly available sequences. In Fig. 6 , we show the percentage of similarity of the amino acids between human (Homo sapiens, Hs); rat (Rattus norvegicus; Rn); mouse (Mus musculus, Mm), chicken (Gallus gallus, Gg), frog (Xenopus laevis/Tropicana, Xt); zebrafish (Danio rerio, Dr), and puffer fish (tetraodon, Tet). The sequences were retrieved using the National Center for Biotechnology Information (NCBI) homepage (www.ncbi.nlm.nih.gov/) or the Ensemble Genome Browser (www.ensemble.org/index.html). Sequence alignments were performed using GeneDoc (version 2.6.02) and ClustalX2 (version 2.0 ftp://ftp.ebi.ac.uk/pub/software/clustalw2). The accession numbers for the sequences used are found in Table 1 and Table 2 . Table 1 shows the nucleic acid sequences on which the bootstrap analyses were performed, while Table 2 displays the accession numbers for the protein analysis. A protein-protein blast of the full sequence was performed on the NCBI homepage (http://blast. ncbi.nlm.nih.gov/Blast.cgi). In Fig. 6 , the individual kinases and the percent homology are presented together with the total and the number of similar amino acids for all animals. These numbers are included to show that for most of the kinases, the entire peptide is compared. One example of the importance of this is from JNK3 (Fig. 6E) . No parts of the sequence were removed before our comparisons. Humans and rats are apparently 99% similar in the blast, but in human, there is a 40-amino acid insertion in the beginning of the peptide, while in the rat, there are 40 amino acids more at the end of the peptide. Although they have similar length (422 and 426 hs and rn, respectively), only 377 are overlapping (89% "real similarity") ( Fig. 6E ).
Methodological Considerations
The blots included in this study had, in general, very little background and only visible bands at the correct molecular weight, indicating conserved motifs in the kinases. Still, we carried out an evaluation of kinase phylogeny and amino acid similarity. When working with antibodies made against mammalian proteins in a nonmammalian vertebrate, care should be taken to ensure that the antibody detects the desired protein. Commercial companies rarely reveal the exact epitopes against which the antibodies were made. However, if the target proteins are evolutionarily conserved, it is also likely that the antibodies will work for a wide range of species. Fortunately, all kinases presently studied showed a very high degree of sequence similarity within the vertebrate lineage. Indeed, with the exception of p38␥-MAPK [not found in zebrafish, showing 65% amino acid similarity between Medaka (Oryzias latipes) and human sequences, Fig. 6H ], the kinases showed a similar or higher percentage of similarity in amino acid sequence than the heat shock protein HSC70 (Fig. 6L) , which is regarded to be among the most conserved of proteins (16, 25) .
It is important to note that all blots are done on whole brain and heart protein extracts, and as both tissues comprise several cell types, the results present an average expression for the organ. Differential expression between cell types cannot be excluded.
RESULTS
Protein Kinase Phosphorylation in Hypoxia and Reoxygenation
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nf, not found. phosphorylation were small after 10 days of severe hypoxia in the crucian carp heart and brain. There was a tendency for increased phosphorylation of ERK 1/2 in the heart (53 Ϯ 21%, Fig. 1A ) and for dephosphorylation in the hypoxic brain (Ϫ30 Ϯ 19%, Fig. 1D ). pJNK increased in the brain during reoxygenation (69 Ϯ 54%, P Ͻ 0.01, Fig. 1E ). Increased pJNK was not seen in the heart in this group (Fig. 1B) . In both heart and brain, there was a dephosphorylation of p38-MAPK in the reoxygenation group (Ϫ40 Ϯ 25% and Ϫ60 Ϯ 29%, P Ͻ 0.05 and P Ͻ 0.01, respectively, Fig. 1, C and F) . There was no observed change to PKCε, but PKC␦ increased substantially in the reoxygenated brain (190 Ϯ 40%, P Ͻ 0.001, Fig. 2A ). No band was visible for PKC␦ in the blots from the crucian carp heart.
Protein Kinase Phosphorylation in Anoxia and Reoxygenation
Compared with hypoxia, there were large changes in the kinase phosphorylation states in crucian carp exposed to anoxia. But similar to hypoxia, no significant changes were observed in total amount of any of the kinases during the 7-day exposure to anoxia or the 7-day reoxygenation period (data not shown). In the heart, phosphorylation of all MAPK increased considerably after 7 days of anoxia: pERK (95 Ϯ 56%, P Ͻ 0.01), pJNK (327 Ϯ 169%, P Ͻ 0.01), and p-p38-MAPK (128 Ϯ 44%, P Ͻ 0.001) (Fig. 3) . In the brain, p38-MAPK was the only MAPK showing increased phosphorylation with anoxia (202 Ϯ 90%, P Ͻ 0.001; Fig. 3 ). As in hypoxia, phosphoryHeart Normoxia Hypoxia Reox. Box plots of crucian carp hearts (A-C) and brain (D-F) with 25th and 75th percentiles (whiskers minimum to maximum) and median value of normoxic controls (Normoxia, white boxes, n ϭ 7), hypoxia (0.3 mg O2/l) for 10 days (Hypoxia, light gray boxes, n ϭ 6) and hypoxia for 10 days followed by 10 days of reoxygenation (Reox., dark gray boxes, n ϭ 6). Western blots were performed with both phosphospecific and total protein kinase antibodies against ERK 1/2, JNK, and p38-MAPK. Changes are expressed as the ratio phosphorylated/total and normalized to the mean normoxic value (set to zero). Statistical analyses were done with one-way ANOVA (A-D) or Kruskal-Wallis test (E and F) (with Bonferroni or Dunnett's post hoc tests between individual groups, respectively). Asterisks indicate significance of post hoc test (*P Ͻ 0.05, **P Ͻ 0.01). Above the box plots are representative Western blots of three individuals from each group, with every other well from normoxia (N) and either hypoxia for 10 days (H, top row) or reoxygenation (10 days hypoxia followed by 10 days reoxygenation, R, middle row) for phosphospecific and total protein kinase (example from the hypoxic comparison). The letter behind the kinase name indicates normoxic vs. hypoxic blot (H) or normoxic vs. reoxygenation (R) respectively.
lation of ERK tended to decrease in anoxia (Ϫ34 Ϯ 33%). In the heart, all MAPK returned to preanoxic levels when the fish were reoxygenated, while phosphorylation of ERK displayed a very large increase after reoxygenation (500 Ϯ 45%, P Ͻ 0.001). PKCε was the only PKC isoform detected in the heart, and the phosphorylation did not change during anoxia (data not shown). In the brain, phosphorylation of PKCε increased (56 Ϯ 31%, P Ͻ 0.001; Fig. 2C ), while PKC␦ decreased (Ϫ47 Ϯ 18%, P Ͻ 0.001; Fig. 2B ). After reoxygenation, phosphorylation of PKCε returned to preanoxic levels, while PKC␦ increased (97 Ϯ 55%, P Ͻ 0.001; Fig. 2B ).
Temperature-Induced Changes in Total and Phosphorylated Protein Kinases
Low acclimation temperature (4°C) reduced the total amount of ERK kinase (Ϫ32 Ϯ 11%, P Ͻ 0.01) and tended to reduce p38-MAPK in the heart (Ϫ12 Ϯ 28%, P ϭ 0.06, data not shown) compared with 20°C acclimated fish. No temperature-related differences in total protein kinase were found in the brain. However, there were large differences in protein phosphorylation states between the acclimation temperatures. The data were normalized to the expression at 20°C. In the brain, pERK decreased with lower acclimation temperature (Ϫ78 Ϯ 8%, P Ͻ 0.01; Fig. 4D ), while pJNK tended to be reduced at 4°C (Ϫ18 Ϯ 7%, P ϭ 0.06; Fig. 4E ). pp38-MAPK increased both in the brain and in the heart at 4°C compared with 20°C (148 Ϯ 70%, P Ͻ 0.01 and 119 Ϯ 57%, P Ͻ 0.05 Fig. 4 , C and F, heart and brain, respectively). For pAKT, there was a temperature-related reduction in both brain and heart (Ϫ47 Ϯ 30%, P Ͻ 0.05 and Ϫ52 Ϯ 22%, P Ͻ 0.05 Fig. 5 , A and C, respectively). Phosphorylation of PKCε was only increased in the heart (432 Ϯ 176%, P Ͻ 0.001, Fig. 5B) , and for PKC␦ only in the brain (102 Ϯ 20%, P Ͻ 0.01; Fig. 5E ). We found no change in total protein or phosphorylation of AMPK in any of the three temperature regimes.
Phylogenetic Analysis
The phylogenetic analysis revealed that the investigated protein kinases were evolutionarily conserved (Fig. 6) . The least similar appeared to be p38␥-MAPK and p38␦-MAPK, the latter showing 68% amino acid similarity between human and zebrafish (Fig. 6I) . A comparison was made against HSC70, regarded as one of the most evolutionarily conserved proteins (16, 25) , showing 85% similar amino acids between human and zebrafish. We found that ERK1 (88%, Fig. 6A ), ERK2 (92%, Fig. 6B ), JNK1 (86% Fig. 6C ), JNK2 (84%, Fig. 6D ), JNK3 (93%, Fig. 6E ), p38␣-MAPK (87%, Fig. 6F ), and PKCε (84%, Fig. 6J ) had similar or higher amino acid similarity compared with the heat shock proteins (all percentages between human and zebrafish). Similarly, the unrooted phylogenetic tree shows the low level of mutations in these kinases (Fig. 6) . PKC␦ displayed 75% amino acid similarity between zebrafish and humans (Fig. 6K) , which could explain why this kinase was not detected in the heart, although we found expression in the brain.
DISCUSSION
One of the most striking findings in this study was that the total amount of all protein kinase remained stable over a wide range of temperature and oxygen levels. As mentioned, these protein kinases are involved in regulating a variety of cellular functions and are linked to the outcome of ischemia and reperfusion insults to the heart and brain of mammals. In the crucian carp, these kinases seem to be constitutively expressed and are regulated at the posttranslational level through phosphorylation. Investigations of general protein expression in the anoxic crucian carp have indicated a reduction in protein synthesis in the heart but not in the brain (68) , possibly pointing to important functions of the investigated kinases in anoxic crucian carp. The findings also indicate that studying Box plots of crucian carp brains with 25th and 75th percentiles (whiskers minimum to maximum) and median value of normoxic controls (Normoxia; n ϭ 7), hypoxia (0.3 mg O2/l) for 10 days (Hypoxia; n ϭ 6) and hypoxia for 10 days followed by 10 days of reoxygenation (Reox.; n ϭ 6); and normoxic controls (Normoxia; n ϭ 7), anoxia (Ͻ0.01 mg O2/l) for 7 days (Anoxia; n ϭ 7), and anoxia for 7 days followed by 7 days of reoxygenation (Reox.; n ϭ 6). Western blots were done with both phosphospecific and total protein kinase antibodies against PKCε and PKC␦. Statistical analyses were done with one-way ANOVA with Bonferroni post hoc test ((A and B) and Kruskal-Wallis test (C) with Dunnett's post hoc test were used). ***P Ͻ 0.001. See Fig. 1 for further details.
only gene transcripts during such conditions could provide little functional insight.
Phylogeny and Universal Stress Response
The cellular stress response is very characteristic, and proteins involved are conserved in almost all organisms (39) . It is argued that the cellular stress response is not stressor-specific but rather a general response toward molecular damage (39) . The MAPK are proteins conserved throughout the plant and animal kingdoms (38) , and the overall sequence homology is above 40% with a much higher homology around the catalytic cleft (40) . But the different subfamilies also show individual signature sequences, which allow specific actions (40) . Also, phylogenetic analysis of MAPK in vertebrates (human, mice, rats, Xenopus, and zebrafish) indicates a high degree of conservation (38) . This is further supported by our present analysis of amino acid sequence similarities.
Protein Kinase Response in Crucian Carp
ERK 1/2. ERK 1 (p44MAPK, MAPK3) and ERK2 (p42MAPK, MAPK) were the first MAPK identified and are among the most intensively studied (8, 64) . Human ERK 1 and ERK 2 share 84% sequence identity and appear to have very similar functions (64) . One exception may be during development, since ERK 1 knockout mice display only minor abnormalities, while ERK 2 knockout (KO) mice die early in development (78) . Thus, these kinases are normally referred to as ERK 1/2 and treated as one kinase, as in the present study. Once activated, ERK 1/2 can phosphorylate more than 100 different substrates (78) and regulates cell cycle, proliferation, differentiation, metabolism, and cell survival (64) . Because of the importance in cell survival ERK1/2 has been intensively studied during myocardial ischemia, and there is evidence for an involvement in ischemic preconditioning of the heart (29). ERK 1/2, together with PKB or AKT, has been termed reper- . Box plots of crucian carp hearts (A-C) and brain (D-F) with 25th and 75th percentiles (whiskers minimum to maximum) and median value of normoxic controls (Norm; n ϭ 7), anoxia (Ͻ0.01 mg O2/l) for 7 days (Anoxia; n ϭ 7) and anoxia for 7 days followed by 7 days of reoxygenation (Reox.; n ϭ 6). Western blots were done with both phosphospecific and total protein kinase of ERK 1/2, JNK, and p38-MAPK. Statistical analyses were done with one-way ANOVA with Bonferroni post hoc test (except for B, where Kruskal-Wallis test with Dunnett's post hoc test were used). **P Ͻ 0.01; ***P Ͻ 0.001. See Fig. 1 for further details.
fusion injury salvage kinases, due to their suggested protective role during reperfusion of the heart in mammals (29) . There is only scattered information on the possible roles of ERK 1/2 in nonmammalian vertebrates during oxygen deprivation. Hypoxic zebrafish show changes in MAPK transcript (45) , while in trout liver cells, ERK 2 phosphorylation levels decrease during anoxia (57) . We found no phosphorylation of ERK 1/2 in the anoxic crucian carp brain. This is in agreement with findings in anoxic turtle brain, where there is an initial increase in phosphorylation, which subsides during prolonged anoxia (49). However, there was a very large increase in phosphorylation of ERK 1/2 in the reoxygenated crucian carp brain, which was not seen in the heart. Here, one can speculate that ERK plays a role in promoting cell proliferation in the reoxygenated brain to replace cells damaged by prolonged anoxia (66) . In contrast to mammals, fish are capable of extensive neuronal proliferation throughout life (82) . In contrast to anoxic brain, ERK phosphorylation was increased in the anoxic heart. It appears from the molecular weight indicated in our Western blots that it is ERK 2 that is mainly phosphorylated, but we hesitate to speculate on the functional consequence of this difference.
p38-MAPK. In crucian carp brain and heart, phosphorylation of p38-MAPK increased markedly in response to both anoxia and low temperature. Four p38 isoforms exist (␣, ␤, ␥, and ␦), and although they share between 60 to 73% homology (60), there are differences in tissue expression, upstream activators, and downstream effectors (14) . While ␣ and ␤ variants are present in all tissues, the ␦ is present in lung, kidney, testis, and epidermis, and ␥ is present in muscle, lung, thymus, and testis (14) . Although the p38␣-MAPK and p38␤-MAPK variants are very similar (60), p38␣-MAPK knockout mice die during development, while knocking out the ␤ isoform yields no characteristic phenotype (2) . This could indicate that p38␣-MAPK might compensate for the absence of the other isoforms (2) . In our study, we have used an antibody that recognizes the phosphorylation of the ␣, ␤, ␥ variant, but not the ␦. The MAPK phylogeny (40) and the conserved sequence homology between species indicate that our antibody should detect carp p38-MAPK. The ␣ and ␤ isoforms share 87 and 72% percent amino acid similarity between human and zebrafish, respectively, while ␦ share 68% (Fig. 6I) .
Even with an extensive literature describing the phenotypic consequence of p38-MAPK manipulation, surprisingly little is known about the underlying molecular mechanisms (44) . p38-MAPK is inactive in its nonphosphorylated form (14) , while phosphorylation induces a change in the protein allowing ATP and substrate to bind (14) . Duration of the phosphorylation of MAPK is important for the cellular outcome (51); sustained activation is often correlated with apoptosis, while transient activation can be associated with survival in many disease states (14) . Once activated p38-MAPK has many downstream targets, including transcription factors and cell cycle arrest. Cell cycle arrest (47) could be important for the anoxic crucian carp, as cell proliferation is energy demanding. As p38-MAPK is a typical stress kinase, it has been studied in both nonmammalian vertebrates and invertebrates. In invertebrates, it is typically activated in response to osmotic stress (10), anoxia (41) , and general macromolecular damage (39) . In hyperthermic frog hearts, both p38-MAPK and JNK were phosphorylated in a time-dependent manner (23), while only p38-MAPK was detected in red blood cells of gilthead sea bream (Sparus aurata) exposed to acute thermal stress (21) . Interestingly, in the turtle brain, p38-MAPK is dephosphorylated early during anoxia at room temperature, while it is back to preanoxic values after 4 h (49). In contrast, we find an increase in p-p38-MAPK after 7 days of anoxia in the crucian carp heart and brain. The different anoxic response at warm and cold temperature between turtle and crucian carp might be due to acclimation temperature, but also might be due to the difference in exposure time. In a pilot experiment, we found an increase in p-p38-MAPK also after 21 days in anoxia, arguing for a sustained phosphorylation of this kinase. Interestingly, p-p38-MAPK decreased after hypoxia and reoxygenation in crucian carp heart and brain. This is similar to the turtle, in which p-p38-MAPK is also reduced in brain after 1-wk hypoxia and reoxygenation (26) . These two species have evolved different strategies for anoxic survival, the crucian carp being active, while the turtles are relatively inactive with a higher degree of metabolic depression (42) . One part of the universal stress response is the inhibition of growth and proliferation (35, 39) . The fact that activated p38-MAPK suppresses costly cell proliferation (12) is possibly beneficial, not only during anoxia, but also at low temperature, where crucian carp markedly reduce phosphorylation of p38-MAPK. Seasonal variation of p38-MAPK phosphorylation has been investigated in the heart of gilthead sea bream (Sparus aurata), where it increased when temperature rose from 12°C to 18°C (20) .
Although controversial, pp38-MAPK might induce protective pathways, especially in the heart (30) . Similarly, p38-MAPK signaling pathway and atrial natriuretic peptide might protect the perfused amphibian heart during cobalt chloride stimulation (simulated hypoxia) (22) . It is, therefore, tempting to speculate that p38-MAPK might have a protective role in anoxic crucian carp.
JNK. The amount of phosphorylated JNK increased about 3-fold in the anoxic crucian carp heart. JNK proteins are coded by three genes JNK1, JNK2, and JNK3, which can create at least 10 different isoforms (5, 7, 65) . In mammals, the products of JNK1 and JNK2 are ubiquitously expressed, while JNK3 primarily is found in the brain with some presence also in heart and testis (5) . One splice site is present in JNK1 and JNK2 and results in ␣-and ␤-isoforms. A second splice site is present in all three and determines whether p46 or p54 isoforms are encoded (17) . These isoforms have different size, which is also indicated by the multiple bands in the crucian carp blots. All three JNK have very similar sequences and are like other MAPK very conserved through evolution (37) . JNK has more than 50 downstream substrates (6, 65) . JNKs are involved in many cellular processes but was originally described as a stress-activated protein kinase, or SAPK (7). JNK1 KO and JNK2 KO mice die during development, while JNK3 KO mice are protected against brain ischemia (7). In the heart, both beneficial and detrimental effects of JNK activation have been found during ischemic preconditioning (30) . In an early report JNK phosphorylation was only found at 5 h in the liver of cold-acclimated turtles exposed to 1, 5, or 20 h of anoxia (liver, heart, kidney, brain, and spleen investigated) (24) . In a recent report, pJNK was found upregulated after 4 and 12 h of anoxia in cultured turtle neurons at 30°C (53) . In our study, we found a massive phosphorylation of JNK in the heart, but not in the brain, after 7 days of anoxia. In the cultured turtle neurons, the phosphorylation at 4 h of anoxia was higher than at 12 h, indicating an initial increase. It is possible that at the present anoxic period of 7 days, the phosphorylation of JNK has returned to normoxic values in the brain. The increased phosphorylation in the crucian carp heart might indicate an important function for JNK. However, it has been shown that JNK protects against short, but not prolonged, ischemia in a murine model of acute myocardial infarction (75) . This confers with the notion that transient JNK activation may mediate survival, while sustained activation may mediate cell death in mammals (74) . JNK activation is implicated in many disease states in humans, including cardiac disease, neurological disorders, and inflammatory states (65) . It is, therefore, possible that the sustained phosphorylation of JNK in the crucian carp heart serves other functions than acute cell survival.
AKT. AKT phosphorylation was found to fall with temperature in crucian carp heart and brain. We recently reported a decreased AKT phosphorylation in the heart and brain of crucian carp during anoxia (71) . AKT is part of the PI3K/Akt/ mTOR pathway and is involved in cell metabolism, growth, and cell survival (63) . AKT is evolutionarily conserved (31) and is normally maintained in an inactive state (11) . Upon phosphorylation, it increases its catalytic activity 100-fold and exerts its effect on many downstream targets. As AKT is important in protecting the mammalian heart against ischemia (29) , it may seem counterintuitive that this kinase is reduced during anoxia. However, it is possible that the proliferating effect of AKT needs to be downregulated when energy is limited as during anoxia (71) . As a drop in temperature signals the approaching winter with long anoxic periods and on the basis of our previous findings, we had hypothesized a reduction in the total form of AKT protein in the cold-acclimated fish. We found no evidence for this, but we saw a reduction in AKT phosphorylation status at 4°C compared with 20°C similar as during anoxia. As we find that both a reduced temperature and anoxia decrease AKT phosphorylation, we hypothesize that it is the proliferating actions of AKT that is not beneficial during anoxia. Similarly, hypoxia reduces the PI3K/Akt/mTOR activity in zebrafish (34, 81) . In contrast, pAKT increases massively in warm-acclimated turtle neurons after 4 h of anoxia (53) . We have previously seen a tendency for a decrease in pAKT in the crucian carp after 1 day of anoxia (71), indicating that the turtle and crucian carp have divergent AKT functions in response to oxygen deprivation.
AMPK. Recently, we found a massive increase in AMPK phosphorylation both in the brain and heart in response to anoxia in crucian carp (71) . However, AMPK (phosphorylated as well as total) did not change in response to temperature in crucian carp brain or heart. AMPK has been termed the ultimate energy sensor due to its role in regulating supply and demand of ATP (27) . Genes encoding the subunits (␣, ␤, and ␥) are found in almost all eukaryotes (27) . The kinase is evolutionary conserved (59) and is activated (i.e., phosphorylated) by a decrease in ATP and an increase in AMP (27) . The catalytic capacity of AMPK increases a 100-fold when phosphorylated by the upstream kinase LKB1 at Thr-172 (67, 73) . Downstream targets include glucose metabolism, protein metabolism, mitochondrial biogenesis, and lipid metabolism (27) . Since anoxia increased AMPK phosphorylation in our previous study (71) , suggesting a role in anoxia tolerance, we expected an increase in total amount of kinase when temperature dropped, as a preparatory response to approaching wintertime anoxia. However, we found no evidence for this and conclude that the regulation of AMPK is mainly at the posttranslational level. A similar finding has also been shown for the crucian carp (Carassius carassius) (33) . It was less surprising, however, that AMPK phosphorylation status remained unchanged with acclimation temperature. As mentioned, AMPK is phosphorylated in response to a fall in the AMP/ATP ratio, and this indicator of energy charge can be expected to be maintained throughout temperatures that are well within the natural range of a species.
PKC. We found no change in the total amount of PKC isoforms in either the hypoxic or anoxic treatments, or in the temperature groups. However, the changes seen in phosphorylation status of PKCε and PKC␦ in the brain during anoxia mirror what has been seen in mammals after ischemic damage (79), i.e., an increased phosphorylation of PKEε and a decreased phosphorylation of PKC␦. In the heart, there was an increased phosphorylation of PKCε with a fall in temperature. However, we saw no difference in PKC phosphorylation status in heart during anoxia, indicating that these kinases are not important for sustained cardiac performance during anoxia.
PKC is a serine/threonine kinase with 10 known members of which PKCε and PKC␦ belong to the novel family that is not regulated by intracellular calcium, but by diacylglycerol (18) . In the mammalian literature, PKC␦ activation is often considered "bad" due to its oncogenic properties and role in cellular growth. In contrast PKCε activation has been termed "good" due to its antiapoptotic and antioncogenic actions (18) . Phosphorylation and translocation play a major role in PKC activation (18) , and these kinases have many downstream targets. PKCε and PKC␦ are structurally very similar (18) and the question has been raised why they have such opposing functions in the heart during ischemia (13) . In contrast to the MAPK, which are organized in a cascade system, the PKC are "single" effector kinases.
Very few studies exist of PKCε and PKC␦ isoforms in nonmammalian systems. Both PKCε and PKC␦ have been found in gold fish retina (56) and immunoreactivity of PKCε has been found in developing zebrafish (61) . Moreover, PKC␦ has been found in eel leukocytes (48) and eel enterocytes (46) . To our knowledge, our study is the first to report immunore-activity of PKCε in a fish. However, we found no evidence for PKC␦ in the heart. It is less likely that this was due to an inability of the antibody to detect this isoform, as we found immunoreactivity in the brain.
Conclusion
We find a sustained phosphorylation of many important protein kinases in the anoxic crucian carp, with very few changes in the absolute amount of the kinases. Moreover, very little changes in protein kinase abundance occur across a wide range of naturally occurring acclimation temperatures. Also with temperature, we find many changes in the phosphorylation state of the investigated kinases. This indicates that many important cellular pathways are regulated at the posttranslational level in the crucian carp and that the crucian carp is constitutively able to tolerate long periods of anoxic survival. This makes the crucian carp a particularly interesting model for studying vertebrate oxygen deprivation.
Perspectives and Significance
The protein kinases in this study are central in a multitude of biological processes. Of particular importance is their possible involvement in ischemic tolerance in mammals. Understanding the molecular mechanisms for anoxic survival may pave the way for increased knowledge and treatment of ischemic diseases in humans. 
